The uptake of 5-[3Hlindol-3yl-acetic acid (IAA*) by segments of Zea mays L. roots was measured in the presence of nonradioactive indol-3yl-acetic acid (IAA°) at different concentrations. IAA uptake was found to have a nonsaturable component and a saturable part with (at pH 5.0) an apparent K, of 0.285 micromolar and apparent V,,,, 55.0 picomoles per gram fresh mass per minute. These results are consistent with those which might be expected for a saturable carrier capable of regulating IAA levels. High performance liquid chromatography analyses showed that very little metabolism of IAA* took place during 4 minute uptake experiments. Whereas nonsaturable uptake was similar for all 2 millimeter long segments prepared within the 2 to 10 millimeter region, saturable uptake was greatest for the 2 to 4 millimeter region. High levels of uptake by stelar (as compared with cortical) segments are partly attributable to the saturable carrier, and also to a high level of uptake by nonsaturable processes. The carrier may play an essential role in controlling IAA levels in maize roots, especially the accumulation of IAA in the apical region. The increase in saturable uptake toward the root tip may also contribute to the acropetal polarity of auxin transport.
The natural occurrence of IAA in maize roots was unequivocally established by GC-MS (3, 5, 26) . There is evidence that IAA plays a part in the regulation of root growth and gravireaction, though it is not clear how this control is exercised. The growth rate of maize roots was found to be inversely correlated with the level of endogenous IAA in the elongating zone (24) . Applied IAA has been shown to inhibit root growth (2) but stimulates the growth of auxin-depleted roots (23) .
When roots are treated with inhibitors of auxin transport, gravireaction is strongly retarded and growth is inhibited (6, 12) . When triodobenzoic acid was applied only to the caps of pea roots (11) gravireaction was inhibited but growth appeared to be unaffected. The effect of auxin on growth and gravireaction may therefore depend on the level of IAA in the elongating zone or, more specifically, on the action of the carrier for IAA efflux.
Transport between tissues and subcellular compartments is one of the factors influencing the levels of IAA in different tissues and in various parts of the cell. The transport of auxin in the root tip is acropetally polarized (20, 21, 30, 31) and involves movement from cell to cell. The transfer of IAA across cell membranes comprises uptake and efflux, both of which may be partly by diffusion and partly via carriers.
According to the chemiosmotic polar diffusion theory (25, 28) energy is expended creating a gradient of pH and of electrical potential across the plasmalemma and IAA, which is a weak acid (pK 4.7), accumulates as the anion inside the cytoplasm. Polarity of auxin transport is conferred by a carrier for the efflux of IAA across the plasmalemma, located preferentially at the apical end of the cell (basal end in the case of shoots). This carrier has been shown to be sensitive to auxin transport inhibitors such as NPA' (32) and other phytotropins (10) . An indirect immunofluorescence method (9) has shown that a NPA binding site is indeed located at the basal end of particular cells in pea stems.
IAA uptake across the plasmalemma has also been studied (27) and found to have a saturable component. However, this carrier has received less attention than the efflux carrier.
The purpose of this study was to find whether, in maize roots, IAA uptake does have a saturable component. Then, by comparing published data for levels of IAA in the root with kinetic properties related to the saturation and capacity of the carrier (apparent Km and Vm,x), we wished to gauge whether such a carrier has the potential for regulating IAA movement to an extent which could alter IAA levels and influence physiological processes. To gain some information concerning the physiological role of a saturable carrier for IAA uptake, it was interesting to determine its activity in different parts of the root. Comparisons were made between stele and cortex, and different zones along the root.
MATERIALS AND METHODS
Plant Material. Caryopses of Zea mays L. cv LG 11 (Ass. Suisse des Selectionneurs, Lausanne) were germinated for 48 h in the dark at 19°C (22) , and plants with roots 15 ± 2 mm long were selected. Segments were prepared in three different ways ( Fig. 1 ): (a) successive 2 mm long segments corresponding to the regions 2 to 4, 4 to 6, 6 to 8, and 8 to 10 mm counting from the tip (A); (b) 5 mm segments cut at 2 mm from the tip (B); and (c) cortex and stele located 5 to 10 mm from the tip separated by withdrawing the stele through the side of the cortex (C).
Radiochemicals. 5-3H IAA (29 Ci/mmol) was purchased from CEA, Gif-sur-Yvette, France. Purity was checked at intervals (about 3 months) by TLC (16) or HPLC using a Perkin Elmer Series 4 Liquid Chromatograph fitted with a 250 x 3 mm Whatman Partisil 5 ODS 3 column. HPLC elution was at 2 ml per min using the gradients mentioned in the results, and was followed by LS counting of 0.5 min fractions using a Packard Tri-Carb LS Spectrometer.
Incubation. Groups of 20 segments were incubated at 20.0 + 0.2°C in tubes containing 1.0 ml of medium and shaken at 150 rpm. The medium contained 2.0% w/v glucose, IAA* at 5 nM or 10 nm, and IAA°at different concentrations, and was buffered at pH 5.00 ± 0.02 (Na2HPO4 6.6 mm plus 3.4 mm citric acid). Experiments were all carried out in daylight, as preliminary tests had shown that IAA* uptake from 10 (Fig. 2) . Since these are difference curves from Figure 2 , SE are not given.
during which uptake was linear with time, for the determination of initial uptake rates. Second, tests were conducted to check the extent of IAA* metabolism during uptake (Fig. 4) .
To investigate the saturability ofIAA uptake, the rate ofuptake of 5 nM IAA* was determined in the presence of IAA°at (0-20 Mm) (Fig. 5 ). These data were further analyzed to give the apparent Km and V,,,. for the saturable component of IAA uptake (Fig. 6) . Finally, to obtain information concerning the distribution ofthe IAA uptake carrier in different tissues, uptake ofLAA* (10 nM) was measured in the presence of IAA°giving a total IAA concentration (IAA* + IAA°) of 10 nm to 10 AM using isolated cortical and stelar segments (Fig. 7) . Similarly, the distribution of the uptake carrier along the root axis was determined, under the same conditions, by comparing IAA* uptake in 2 mm segments cut from different zones along the root (Fig. 8 ).
Effect of pH on IAA Uptake. Using 2 to 7 mm segments ( Fig.  1B) , the uptake of 10-7M auxin (10 nM IAA* plus 90 nM IAA°) was tested over 30 min using media at different pH values within the range 4.0 to 7.0 (buffer components as described for pH 5.0, with the sum ofthe concentrations ofthe two components always 10 mM). Net uptake was found to decrease with increasing pH of the medium (results not shown). This is in agreement with published results (27) . pH 5.0 was chosen for subsequent experiments, as it is a compromise between high uptake of IAA and a Figure 2 are compared it can be seen that the uptake of IAA* declined for increasing total IAA concentrations from 10-7M to 10-5 M. This indicates that at least a component of uptake was becoming saturated. Second, when the initial uptake rates are considered (tangent to each curve at time zero), it can be noticed that for all concentrations of IAA tested the uptake rate declined with time. This effect was most pronounced for the highest concentration tested (10 Mm), suggesting that nonlinearity was mainly in the nonsaturable component. It was important to check this point since, to determine the kinetics of saturable uptake, it is essential to measure the rate of saturable uptake while it is linear. In addition, if the rate of uptake was determined using longer incubations, the nonlinearity of the uptake curves obtained for higher concentrations with time would appear to suggest that saturation of hormone uptake with concentration took place.
To separate the saturable and nonsaturable parts of uptake, the following calculation was therefore made for each point along the curve: the nonsaturable component of IAA* uptake was subtracted from the total uptake, and three difference curves (Fig.  5) to be valid. These curves (Fig. 3) therefore show the uptake of IAA* by saturable process(es) as a function oftime. The saturable uptake shows a high degree of linearity (better than Fig. 2) , indicating that the nonlinearity of Figure 2 is largely due to nonlinearity of nonsaturable uptake. This can be explained by an increase in the efflux of IAA* as the concentration inside the tissue increases (with time). From Figure 3 it can be seen that the values obtained by calculating uptake rate after 4 min incubation are very similar to those which would be obtained by drawing a tangent at time zero. Thus, it is justifiable to use 4 min incubation to study the kinetics of saturable uptake, and this was the period chosen for further experiments.
Metabolism of IAA* during Uptake Experiments. The advantages of using short incubation periods are that IAA metabolism is reduced. In the present study, no metabolites could be detected (results not shown), by TLC of extracts prepared from root segments incubated 4 min in medium containing IAA*.
HPLC analyses of a solution of IAA* and an extract prepared from root segments which had been incubated in medium with IAA* indicate that the solution of IAA* (Fig. 4A) contained few impurities, with most of the radioactivity in the major peak (retention time 18.5 min). HPLC analysis of the radioactivity in the root extract (Fig. 4B) indicted a major peak exactly cochromatographing with the IAA standard, and minor peaks at retention times of 14, 15, and 16 min. When the extract shown in Figure 4B was prepared, 99.5% of the total radioactivity in the tissue was extracted showing that metabolism of ethanolinsoluble conjugates was negligible. Preliminary experiments showed that if the carrier IAA°was omitted only 82.9% of the radioactivity was extracted (mean of 83.8% and 82.0%). The extract contained few detectable metabolites, and they contributed only about 5% to the total radioactivity (8% of total radioactivity in minor peaks for root extract, as compared with 3% for the original solution).
Similar results were obtained when the gradient used comprised methanol 0 to 75% with pH 5.0 buffer (ammonium acetate/acetic acid, containing 10 mM total acetate). The retention time for IAA with this gradient was 15 min.
It has been shown that, when maize root segments are incubated for longer periods in radioactive IAA, several metabolites are formed (18) especially in the stele (19) . However in this study, after the 4-min incubation, detectable metabolites were few and in small quantities. It is, therefore, justifiable to use a measurement of radioactivity in the tissue after a 4-min incubation to assess the amount of IAA* present.
A further advantage of short experiments is that aerenchyma formation, which takes place after prolonged incubation of roots in liquid media (13, 14) , is avoided. Short incubation periods give lower levels of radioactivity in the tissue, and very short experiments lead to higher percentage errors in the incubation time.
The second major parameter which must be carefully selected is the concentration of radioactive IAA. This must be low in order to avoid saturation of low capacity, high affinity sites by the radioactive hormone. The decrease was particularly marked within the submicromolar concentration range. These data indicate the presence of a saturable component of IAA* uptake, and a nonsaturable part. (Fig. 3 ). Our conclusion is confirmed by the effect of FCCP on IAA uptake (HV Martin, PE Pilet, unpublished data). Pretreatment of maize root segments with FCCP (10-4 M) had no effect on the uptake of IAA at I0-' M, whereas the uptake of IAA at 5 nM was inhibited. Therefore, the saturable component of IAA uptake depends on the proton gradient across the plasmalemma.
The nonsaturable part of IAA* uptake is subtracted from the total uptake of radioactivity and the data for 0 to 1 AiM IAA are plotted according to Dixon (4) , (Fig. 6) . The equation of this line is found to be (least squares regression; correlation coefficient = 0.985): l/v = 3.6375 i + 1.0556 This gives Km = 0.285 gM and Vm = 54.98 pmol/(g fresh mass-min). This value of Km is lower than those previously reported: 0.65 gM for suspension cultures of crown gall cells at pH 5.0 (27) , and approximately 0.6 Mm for maize roots at pH 4.0 (1). The present Vm-is much lower than that found for crown gall cells (1.0 nmol/(g. min)-') (27) . The difference in Vmax can be explained by the fact that the surface area in direct contact with the medium per unit mass of tissue is smaller for root segments than for cell suspension cultures.
A comparison beween the observed values of Km and Vm_ and the level of endogenous IAA in the tissue should give an indication as to whether such a carrier could be of physiological significance. Twenty-eight ng IAA/g fresh mass of tissue has been found in elongation zones (2.5-5 mm region) of 15 mm long roots of LG 11 maize (24) . The segments used in the present experiment were prepared from identical plants but using the 2 to 7 mm region. Taking tissue density as 1 g cm-3, if IAA was distributed evenly through the tissue, this would correspond to a concentration of 0. 16 uM. When this value is compared with the value for half saturation (Kin) of 0.285 Mm, it can be seen that the carrier has spare capacity which, however, is not excessive. This gives credence to the idea that such a carrier could have a regulatory role.
When the rate at which the carrier could operate is taken into consideration, we obtain Vmdl, = 5.5 x 10-" mol (g fresh mass min)-'. If this is compared with the level of endogenous IAA in 1 g fresh mass of tissue (elongation zone) which is 1.6 x 10-10 mol, the carrier would be capable (if substrate was in excess, and under the experimental conditions described) of accounting for an uptake equivalent to 34.4% of tissue content per min. As shown above, the carrier would normally be considerably less than 50% saturated and therefore might actually operate (under the conditions of pH and temperature given above) at 10% or less of tissue content per min. Again this seems adequate for regulating IAA levels which might normally exist.
In the above analysis, a certain number of approximations were necessary. The assumption was made that the concentration of IAA applied is the concentration presented to the carrier. However, the IAA naturally present in the wall also plays a part and will compete with IAA* and applied IAA for uptake. Another problem is that if the carrier transports auxin anions (27) the critical concentration is not that of total IAA, but the concentration of auxin anions. However, it is difficult to assess the latter because the wall may not attain the pH of the bathing medium (pH 5.0) within the 4-min incubation period.
Distribution of Saturable Uptake Carrier in Stele and Cortex. The uptake of IAA* (10-8 M) in the presence of IAA°at different concentrations was determined using 5 mm segments of isolated stele or cortex cut 5 to 10 mm from the apical end of the root (Fig. IC) . For both steles and cortices (Fig. 7 ) the radioactivity taken up per segment declined with increasing total IAA concentration, indicating that, in both tissues, IAA uptake has a saturable component. These results are in contrast to previous results (1) where no saturability of IAA uptake was found for stelar or cortical tissue ofPhaseolus coccineus roots. This discrepancy can probably be explained by the species difference and the fact that their experiment was performed at pH 4.0, whereas pH 5.0 was used in the present study. Furthermore, their tissue was prepared from more basal regions of the root.
A comparison of the results for steles and cortices in Figure 7 shows that the uptake per stele is about half that per cortex, and this holds for all concentrations of IAA tested. Taking into account the fresh mass of the segments (Table I) and expressing uptake as radioactivity per unit fresh mass, the value is about twice as high for steles as for cortices. A similar result is obtained based on tissue dry mass (from Table I ). It is interesting to consider whether this difference in total uptake reflects a difference in saturable or nonsaturable uptake. The numbers next to the points in Figure 7 indicate the percentage uptake of radioactivity compared with uptake from a 10-8 M solution (100%). These values were similar for stele and cortex, indicating that the ratio of saturable to nonsaturable uptake is very similar in both cases. This suggests that the Km values are similar for stelar and cortical segments, but that Vmav is greater for stelar tissues. However, the nonsaturable component of uptake is also greater for stelar tissue, so the difference in VmKa can perhaps be explained by the geometry of the two types of segment. (3, 7, 29) .
When the results in Figure 7 are compared with those obtained for 2 to 7 mm segments (Fig. 5 ) and 10-5 M is considered to be a saturating concentration, uptake from 10-8 M solution is 64% saturable for cortices, 61% saturable for steles, and 68% saturable for 2 to 7 mm segments. Therefore, at M, the contribution of the saturable component to total uptake of IAA* is similar for these different tissues. However, when considering tissue fresh masses (Table I) Distribution of Saturable Uptake Carrier Along the Root Axis. The uptake of IAA* was determined in the presence of IAA at different total concentrations using 2 mm segments cut at different points along the roots (Fig. IA) . The radioactivity taken up (Fig. 8) was greatest when the total IAA concentration was 10-8 M (no IAA°supplied) and declined with increasing concentrations of IAA°. This is in agreement with the results obtained using other parts of the root, and indicates uptake by both saturable and nonsaturable processes.
When 2 mm long segments were incubated in 10-8 M IAA, uptake was greatest for the 2 to 4 mm region and uptake was progressively less for more basal segments. On the other hand, for segments incubated in 10-5 M IAA (total concentration), the uptake was similar throughout the 2 to 10 mm region when expressed per 2 mm segment (Fig. 8) . However, the fresh mass is greatest for basal segments (Table II) Table II ) the uptake is greatest for the 4 to 6 mm region.
Considering 10-5 M as a saturating concentration, it is again possible to estimate the contribution of saturable and nonsaturable processes to IAA* uptake from a 10-8 M solution. The calculation is made as described for 2 to 7 mm segments, steles, and cortices. Along the root, going from tip to base, uptake was found to be 73, 62, 61, and 55% saturable for the different segments. These data for 2 to 4, 4 to 6, and 6 to 8 mm segments are in agreement with the value of 68% already calculated for 2 to 7 mm segments. In addition, the percentages which were calculated for cortical (64%) and stelar (61%) segments are similar to those for the corresponding 2 mm regions.
Comparing the distribution of saturable and nonsaturable uptake for 2 mm segments within the 2 to 10 mm region, nonsaturable uptake was similar throughout, whereas saturable uptake increased towards the root tip. This can be compared with the natural occurrence of IAA in the root: high levels of (26) . Similarly, when radioactive IAA was applied to maize shoot apices or caryopses, it became concentrated in the apical 2 mm of the primary root ( 15, 16) . This carrier could therefore play an important part in controlling the accumulation in the elongation zone of IAA transported in the stele from the aerial parts of the plant.
It has recently been noted that if the activity of an uptake carrier gradually increases along the root, then transport will occur preferentially towards the region where the number of carrier sites is the greatest (17) . The distribution of the IAA uptake carrier along the root reported here will in this way contribute to the acropetal polarity ofauxin transport. Transport would be polar even ifthe carrier was at the same density at both ends of the cell, but acropetal polarity would be greater if the uptake carrier was located preferentially at the basal end of the cells.
Although the results reported here give evidence that a carrier for IAA uptake plays an essential part in controlling IAA movement and IAA levels in the root tip, the location and activities of both uptake and efflux carriers may be important. Moreover, if both carriers are present in the same or neighboring cells, their actions may be interdependent, and could be synergistic. The uptake carrier will supply IAA to the efflux carrier if both are present in the same cell, thereby stimulating IAA effiux. Similarly, efflux of IAA into the cell wall will increase the activity of the uptake carrier in the same and nearby cells. These processes would permit the precise regulation of IAA exchanges and levels in the root tip, and could play an essential role in the control of root growth and gravireaction.
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